The Suppressor of Cytokine Signaling (SOCS) proteins are critical, highly conserved feedback inhibitors of signal transduction cascades. The family of SOCS proteins is divided into two groups: ancestral and vertebrate-specific SOCS proteins. Vertebrate-specific SOCS proteins have been heavily studied as a result of their strong mutant phenotypes. However, the ancestral clade remains less studied, a potential result of genetic redundancies in mammals. Use of the genetically tractable organism Drosophila melanogaster enables in vivo assessment of signaling components and mechanisms with less concern about the functional redundancy observed in mammals. In this study, we investigated how the SOCS family member Suppressor of Cytokine Signaling at 36E (Socs36E) attenuates Janus Kinase/Signal Transducer and Activator of Transcription (Jak/STAT) activation during specification of motile border cells in Drosophila oogenesis. We found that Socs36E genetically interacts with the Cullin2 (Cul2) scaffolding protein. Like Socs36E, Cul2 is required to limit the number of motile cells in egg chambers. We demonstrated that loss of Cul2 in the follicle cells significantly increased nuclear STAT protein levels, which resulted in additional cells acquiring invasive properties. Further, reduction of Cul2 suppressed border cell migration defects that occur in a Stat92E-sensitized genetic background. Our data incorporated Cul2 into a previously described Jak/STAT-directed genetic regulatory network that is required to generate a discrete boundary between cell fates. We also found that Socs36E is able to attenuate STAT activity in the egg chamber when it does not have a functional SOCS box. Collectively, this work contributes mechanistic insight to a Jak/STAT regulatory genetic circuit, and suggests that Socs36E regulates Jak/STAT signaling via a Cul2-dependent mechanism, as well as by a Cullin-independent manner, in vivo.
Introduction
The Janus Kinase/Signal Transducer and Activator of Transcription (Jak/STAT) pathway is a highly conserved cytokine signal transduction cascade, which transmits information from an extracellular cue to an intracellular response through transcriptional regulation (Rawlings et al., 2004b; Harrison, 2012; O'Shea and Plenge, 2012; Stark and Darnell, 2012) . Briefly, ligand binding to a catalytically inert cytokine receptor (Domeless/Dome in Drosophila Brown et al., 2001; Chen et al., 2002) induces a conformational change in the receptor and the cytoplasmically associated, non-receptor tyrosine kinase, Jak. This change stimulates phosphorylation of the cognate Jaks and the cytoplasmic domain of the receptor. Monomeric STAT proteins bind phosphotyrosines along the receptor, are phosphorylated by Jak, dissociate, homo-dimerize, and translocate into the nucleus as an active transcriptional regulator (Rawlings et al., 2004b; Harrison, 2012; O'Shea and Plenge, 2012; Stark and Darnell, 2012) . The Jak/STAT pathway is essential for several developmental and cellular processes, including stem cell maintenance, immune response and regulation, cell proliferation, cell migration, and hematopoiesis (Duncan et al., 1997; Bromberg and Darnell, 2000; Bromberg and Chen, 2001; Dorritie et al., 2014; Villarino et al., 2015) . Drosophila melanogaster utilizes a minimal, yet fully functional, Jak/ STAT signaling cascade that is required in many of the same cellular processes as in vertebrates, including the process of cell migration (Silver and Montell, 2001; Beccari et al., 2002; Hombría and Brown, 2002; Silver et al., 2005; Arbouzova and Zeidler, 2006; Gregory et al., 2008; Bausek, 2013; Hombría and Sotillos, 2013; Stine and Matunis, 2013; Zeidler and Bausek, 2013) .
During Drosophila oogenesis, a STAT-mediated collective cell migration occurs. The ovary is comprised of 16-18 ovariole chains, each with multiple developing eggs (called egg chambers; reviewed in Horne-Badovinac and Bilder, 2005; He et al., 2011; Prasad et al., 2011; Montell et al., 2012) . Each egg chamber consists of a monolayer of somatic epithelial cells (called follicle cells) that encase the germline (the oocyte and 15 nurse cells). At approximately mid-oogenesis, a subset of anterior follicle cells acquires invasive properties. These cells cluster around two immotile polar cells to form the border cell cluster Mechanisms of Development 138 (2015) 313-327 (Grammont and Irvine, 2002; Montell et al., 2012) . This cell collective later detaches from the anterior end of the egg chamber, invades the nurse cells, and migrates as a group to the oocyte (Horne-Badovinac and Bilder, 2005; He et al., 2011; Prasad et al., 2011; Montell et al., 2012) . This process is essential for female fertility and proper patterning of the developing egg and future embryo (Montell et al., 1992; Savant-Bhonsale and Montell, 1993) .
Border cell motility requires a precise level of STAT activity, which is tightly regulated by a genetic circuit that includes attenuation mediated by Suppressor of Cytokine Signaling at 36E (Socs36E) (Starz-Gaiano et al., 2008; Yoon et al., 2011; Montell et al., 2012; Monahan and Starz-Gaiano, 2013) . The polar cells are the egg chamber's sole source of the Unpaired (Upd) family, which activates the Jak/STAT pathway in Drosophila (Harrison et al., 1998; Irvine, 2001, 2002; McGregor et al., 2002; Torres et al., 2003; Xi et al., 2003; Medioni and Noselli, 2005; Wright et al., 2011; Wang et al., 2014) . During stage 8, as Upd is released, surrounding follicle cells receive it and activate STAT in a spatial gradient (McGregor et al., 2002; Xi et al., 2003; Starz-Gaiano et al., 2008 . STAT promotes expression of the pro-migratory cue slow border cells (slbo) and the migratory inhibitor apontic (apt) in the anterior follicle cells (Montell et al., 1992; Silver and Montell, 2001; Starz-Gaiano et al., 2008) . STAT activation is initially widespread, but must be dampened to produce an optimal number of invasive cells by stage 9 (Starz-Gaiano et al., 2008; Yoon et al., 2011; Monahan and Starz-Gaiano, 2013) . Apt feeds back to inhibit STAT activity, in part by regulating the expression of Socs36E and a Stat92E-targeting microRNA (miR-279) to limit motility (Starz-Gaiano et al., 2008; Yoon et al., 2011; Monahan and Starz-Gaiano, 2013) . The inability to shut off STAT signaling properly in anterior follicle cells enables an excessive number of cells to acquire invasive properties, which can impede border cell migration (Silver et al., 2005; Starz-Gaiano et al., 2008; Yoon et al., 2011; Monahan and Starz-Gaiano, 2013) . However, while loss of Stat92E or slbo prevents border cell specification and migration, and significantly reduces female fertility, loss of apt, Socs36E, or miR-279 does not result in sterility, as not all egg chambers are equally affected (Starz-Gaiano et al., 2008; Yoon et al., 2011; Montell et al., 2012; Monahan and Starz-Gaiano, 2013) . This reflects robust control of oogenesis, and underscores the complexity in the regulation of reproduction. While much is known about the genetic control of border cell migration, the molecular mechanisms that regulate signaling during border cell specification are less well understood.
The Suppressor of Cytokine Signaling (SOCS) family of proteins is a set of essential regulators of cytokine signaling that are conserved from humans to Drosophila (Alexander, 2002; Callus and Mathey-Prevot, 2002; Karsten et al., 2002; Alexander and Hilton, 2004; Rawlings et al., 2004a; Yoshimura et al., 2007; Croker et al., 2008; Stec and Zeidler, 2011; Kershaw et al., 2013) . SOCS proteins possess two conserved domains: a Src Homology 2 (SH2) domain and a C-terminal SOCS box. However, the N-termini show no evidence of conserved domains, high sequence homology, or consistency in length between family members (Feng et al., 2012) . Vertebrates contain eight SOCS proteins that are sub-divided into two groups: the vertebratespecific SOCS proteins (CIS and SOCS1-3) and the ancestral SOCS proteins (SOCS4-7) (Alexander, 2002; Alexander and Hilton, 2004; Croker et al., 2008) . The vertebrate-specific SOCS proteins have strong phenotypes associated with their loss in vivo, which have led to extensive study both in vitro and in vivo (Alexander, 2002; Greenhalgh et al., 2005; Linossi and Nicholson, 2015) . In contrast, ancestral SOCS members cause less severe loss of function phenotypes, likely due to genetic redundancies in mammals, and thereby there is a less clear understanding of how these proteins function (Krebs et al., 2002; Brender et al., 2004; Croker et al., 2008; Linossi and Nicholson, 2015) . Since structural differences between the vertebrate-specific and ancestral SOCS proteins may mediate distinct mechanisms of action between the two groups (Alexander, 2002; Linossi and Nicholson, 2015) , further characterization of the ancestral SOCS members is essential to elucidate their effects on signal transduction pathways. In contrast to mammals, Drosophila have only three SOCS proteins (Socs16D, Socs44A, and Socs36E) (Callus and Mathey-Prevot, 2002; Karsten et al., 2002; Rawlings et al., 2004a) . Socs36E, which is most similar to mammalian SOCS5, is the only one that appears to act in ovarian follicle cells (Rawlings et al., 2004a; Monahan and Starz-Gaiano, 2013) .
The SOCS box interacts with Elongin B and C adaptor proteins and a Cullin scaffolding protein, which incorporates SOCS members into an E3 ubiquitin ligase complex to promote protein turnover (Alexander, 2002; Kile et al., 2002; Johnston, 2004; Croker et al., 2008; Piessevaux et al., 2008; Kershaw et al., 2013; Linossi et al., 2013a) . Specifically, the SOCS protein acts as the substrate recognition component of some RING finger E3 ligase complexes, as the SH2 domain may target the complex to specific substrate(s) for ubiquitination (Kile et al., 2002; Stec and Zeidler, 2011; Nicholson, 2012, 2015) . In vitro studies have shown that SOCS proteins bind members of the Cullin family of scaffolding proteins, particularly Cullin2 (Cul2) and Cullin5 (Cul5) (Kamizono et al., 2001; Kamura et al., 2004; Boggio et al., 2007; Babon et al., 2009; Pozzebon et al., 2013) . Most studies investigating SOCS proteins support a SOCS-Cul5 interaction (Kamura et al., 2004; Babon et al., 2009; Muniz et al., 2013; Stec et al., 2013) , although some have shown an interaction with Cul2 (Kamizono et al., 2001; Boggio et al., 2007; Pozzebon et al., 2013) .
Here, we utilized border cell motility as an in vivo system to study the mechanism by which Socs36E attenuates STAT signaling in the Drosophila egg chamber. We determined Socs36E genetically interacts with Cul2, and that loss of Cul2 resulted in mis-specification of additional invasive cells. We found a significant increase in activated, nuclear STAT protein levels during border cell specification, an expanded border cell precursor population, and an excessive number of invasive cells at stage 10 when Cul2 was reduced in the anterior follicle cells. These phenotypes are similar to those of Socs36E deficient egg chambers (Monahan and Starz-Gaiano, 2013) . Importantly, we determined that a reduction of Cul2 restored proper border cell migration when Stat92E was below endogenous levels, and that Cul2 genetically interacts with apt, another known STAT-regulator in the egg chamber. We also discovered the SOCS box is not required for all functions of Socs36E in vivo. From this work, we refine the STAT-regulatory genetic circuit in Drosophila egg chambers by determining some modes of inhibition. We propose that Socs36E functions with Cul2 to restrict migratory fate to the border cell cluster through a ubiquitin-dependent mechanism, but that it can also regulate the Jak/STAT pathway in a SOCS-box independent manner.
Results

Socs36E genetically interacts with Cullin-2
We have previously shown that Suppressor of Cytokine Signaling at 36E (Socs36E) is a required inhibitor of STAT activity in the Drosophila ovary (Monahan and Starz-Gaiano, 2013 ). Socs36E, a SOCS5 homolog, belongs to the ancestral clade of SOCS proteins based on its long N-terminus with little to no identifiable conservation and two conserved domains: an SH2 domain and a C-terminal SOCS box (Alexander, 2002; Rawlings et al., 2004a; Stec and Zeidler, 2011; Feng et al., 2012; Linossi and Nicholson, 2015) . Strong evidence suggests that the conserved domains enable SOCS proteins to bind specific targets and direct them to be ubiquitinated, which can mark them for destruction via lysosomes or proteasomes (Kile et al., 2002; Croker et al., 2008; Piessevaux et al., 2008; Stec and Zeidler, 2011; Nicholson, 2012, 2015) . We, therefore, hypothesized that Socs36E functions as a component of an E3 ubiquitin ligase complex to attenuate Jak/STAT signaling in the Drosophila ovary.
To test this potential mechanism in vivo, we performed genetic interaction tests between Socs36E and genes encoding two Cullin scaffolding proteins. We crossed viable P-element alleles of Cul2 and Cul5 Spradling et al., 1999; Bellen et al., 2004; Ayyub et al., 2005; Reynolds et al., 2008; Kugler et al., 2010; Ayyub, 2011) into lines bearing our previously-characterized strong loss of function allele Socs36E 178 (Monahan and Starz-Gaiano, 2013 ). We then assessed invasive cell migration in the double heterozygous mutant flies. We observed a significant genetic interaction between Socs36E and Cul2 (Fig. 1) . In wild type and Socs36E
178
/+ heterozygous control egg chambers only border cells invade the nurse cell tissue (Fig. 1B) . In egg chambers from Socs36E
, Cul2 EY09124 /+,+ females though, we often found at least two additional invasive cells not associated with the main border cell cluster (Fig. 1A, C) . This partially phenocopies the invasive cell defects observed in 60-70% of egg chambers completely deficient for Socs36E (compare Fig. 1C with D and Monahan and Starz-Gaiano, 2013) . Our analysis revealed a synergistic increase in the percentage of egg chambers displaying this additional invasive cell phenotype in the double heterozygotes, relative to a single copy reduction of either gene alone (Fig. 1A) . We obtained similar results when we placed our Socs36E allele in trans to the second Cul2 allele. In contrast, we did not detect a genetic interaction between Socs36E and Cul5 in the follicle cells, as the penetrance of the additional invasive cell phenotype in the double heterozygotes (n = 62) was not statistically different from that in the single heterozygous controls (compare to Fig. 1A) . This was interesting, as it differs from what had been observed in cell culture (Stec et al., 2013) . These data suggest that Socs36E genetically interacts primarily with Cul2 to limit the number of follicle cells that acquire invasive properties.
Cullin2 is required to limit migratory cell number
Next, we assessed the requirement of Cul2 and Cul5 in the egg chamber. To determine a potential requirement for Cul5, we analyzed two previously described, viable, P-element alleles (Cul5 EY00051 and
Cul5
EY21463
) in homozygosis and in trans to each other (Reynolds et al., 2008; Kugler et al., 2010; Ayyub, 2011) . These mutants predominantly showed wild-type border cell specification and migration, with less than 10% of egg chambers showing more than one non-cluster associated invasive cell ( Fig. 2A) . However, we did observe the previously described germline phenotypes and defects in follicle packaging in about a quarter of egg chambers observed, verifying the presence of the mutation (data not shown and Kugler et al., 2010; Ayyub, 2011) . These phenotypes preclude analysis of border cell migration, so we did not assess these defective egg chambers. Notably, we did not observe the germline or packaging defects in the Socs36E 178 /+; Cul5 EY /+ flies in the genetic interaction tests. To circumvent germline and follicle packaging defects, we utilized the binary Gal4/UAS system (Brand and Perrimon, 1993; Brand et al., 1994 ) and a TRiP line, which expresses interfering RNA (RNAi) under UAS control (Ni et al., 2008 (Ni et al., , 2009 . "n" represents the total number of egg chambers observed. For statistical analysis, Fisher's exact tests were performed to determine significant differences where *p b 0.05; ***p b 0.005; n.s. = not significant. A) The additional invasive cell phenotype is not significantly penetrant among egg chambers from Cul5 homozygous mutants or those with reduced Cul5 in the anterior follicle cells via expression of RNAi. B) Cul2 mutant egg chambers or those with reduced Cul2 expression in anterior follicle cells through RNAi significantly more often have additional invasive cells than heterozygotes or GFP-expressing controls. C) In a wild-type (Canton S) egg chamber stained with antibodies directed against Slbo (magenta) and Eya (white), cell motility is restricted to the border cell cluster (BC), which arrives at the oocyte normally. DAPI (blue) labels DNA. D) An egg chamber from a Cul2
EY homozygous female shows border cells and additional follicle cells that have acquired invasive properties (arrows). The egg chamber is labeled with DAPI (blue, nuclei) and antibodies specific for Eya (magenta) and E-Cadherin (white). Insets (C-D) show Eya alone. Scale bars represent 50 μm. E) Quantification of egg chambers of the indicated genotypes that contain at least two noncluster associated additional invasive cells. Cul2 does not interact genetically with Cul5. F) Schematic illustrating the insertion site in Cullin2
PZ02074
. The RA-transcript is shown, where the LacZ containing P-element is located in exon one about 260 base pairs upstream of the ATG translational start site. G-H) Stage 10 egg chambers stained with an antibody recognizing β-Galactosidase shows that Cul2 is highly expressed in the nurse cells (NC, arrows), the border cell cluster (BC, blue box in G), and the centripetal cells (blue box in H). Inset shows close up of border cells (G) and centripetal cells (H).
1997; Silver et al., 2005) . During stages 9 and 10, c306-Gal4 expression is maintained in the border cell cluster and a few anterior follicle cells that remain in the follicular epithelium (Supplemental Fig. 1B ). Akin to the Cul5 mutant alleles, reduction of Cul5 in the anterior follicle cells (c306-Gal4/+;;UAS-Cul5 RNAi/+) did not strongly affect border cell specification or migration ( Fig. 2A , Table 1, Supplemental Table 1) . Thus, our data suggests that Cul5 is not required for regulation of invasive cell fate, although we cannot rule it out completely in the absence of a null mutation.
In contrast, more than half of stage 10 egg chambers from Cul2 homozygous mutant females displayed at least two non-cluster associated additional invasive cells ( Fig. 2B and compare Fig. 2C-D) . This phenotype is reminiscent of that observed in the Socs36E, Cul2 transheterozygotes ( Fig. 1C) and Socs36E deficient egg chambers (Figs. 1D, 2B and Monahan and Starz-Gaiano, 2013) . The main border cell cluster migrated normally in Cul2 homozygous mutants (Fig. 2D ), similar to Socs36E mutant egg chambers (Monahan and Starz-Gaiano, 2013) . The Cul2 insertional allele results in strong oogenesis defects outside of border cell migration, including significant germline defects (data not shown and Ayyub, 2011) . Akin to the Cul5 analysis, stage 10 egg chambers that displayed strong germline defects were not used in abnormal invasive cell counts. To confirm that the additional invasive cell phenotype was cell-autonomous and to eliminate the germline defects, we used two RNAi lines to reduce Cul2 levels specifically in the anterior follicle cells (Ni et al., 2009 (Ni et al., , 2011 . Expression of Cul2 RNAi in the anterior follicle cells (c306-Gal4/+;;UAS-Cul2 RNAi/+) led to a significant increase in the penetrance of border cell defects, including the presence of additional invasive cells, compared to controls ( Fig. 2B and Table 1 ). This suggests that Cul2 normally functions in the follicle cells.
Drosophila have five Cullin-encoding genes in their genomes. To investigate whether other Cullins play a role in border cell migration, we utilized the Gal4/UAS system to express UAS-RNAi lines that target Cul1 (lin-19), Cul3, and Cul4 in the presumptive border cell population. As Table 1 shows, we did not observe significant disruption in border cell migration in stage 10 egg chambers when Cul1 or Cul3 were reduced in the anterior follicle cells. We, also, did not detect aberrant border cell migration when Cul1 or Cul3 were reduced or when Cul3 was expressed above endogenous levels via slbo-Gal4 (which is expressed in the presumptive border cells, but not the polar cells (Supplemental Table 1 ) (Rørth et al., 1998; Silver and Montell, 2001) ). Due to lethality, we were unable to assess loss of Cul4 in the follicle cells (Table 1 and  Supplemental Table 1 ); however, Cul4 has not been previously implicated in interacting with the SOCS family. We also investigated potential genetic redundancy between Cul2 and Cul5 in the egg chamber. If both genes had the same function, double heterozygotes might have a mutant phenotype. We generated flies with one of the Cul5 P-element alleles in trans to the Cul2 allele (Cul2 EY /+; Cul5 EY2 /+). Egg chambers from these females did not display germline abnormalities or significant defects in border cell specification (Fig. 2E ), or follicle packaging. We did not find evidence of functional redundancy between Cul2 and Cul5 in the follicle cells. These data suggest that Cul2 may be the primary Cullin involved in border cell specification and migration.
To examine Cul2 expression in the ovary, we utilized a reporter line in which a transposable element containing the LacZ gene is inserted in the endogenous Cul2 locus (Cul2 PZ02074 ) ( Fig. 2F and Spradling et al., 1999; Bellen et al., 2004; Ayyub, 2011) . Egg chambers from these flies immunostained with an antibody directed against β-Galactosidase revealed high levels of Cul2 expression in the nurse cells (Fig. 2G,H) , which may explain the strong germline defects observed in mutants (Ayyub, 2011) . However, we also observed Cul2 expression in the border cell cluster and the centripetal cells at stage 10 ( Fig. 2G-H) . The border cell expression of Cul2 is consistent with this gene functioning in border cell specification and migration. Collectively, these results suggest that Cul2 is required in follicle cells to limit the number of them that become invasive.
Cullin2 limits the set of migratory cells by reducing STAT signaling
The E3 ubiquitin complex that includes Cul2 could have multiple targets (Willems et al., 2004; Petroski and Deshaies, 2005; Okumura et al., 2012; Babon et al., 2013) . It was, therefore, necessary to confirm that Cul2 is required for attenuation of STAT signaling specifically. The additional invasive cell phenotype observed when Cul2 was reduced (Fig. 2B, D) resembled those due to loss of other STAT negative regulators (Silver et al., 2005; Starz-Gaiano et al., 2008; Yoon et al., 2011; Montell et al., 2012; Monahan and Starz-Gaiano, 2013 ), but looked different from the phenotypes caused by misregulation of EGF or PDGF/ VEGF signaling McDonald et al., 2003 McDonald et al., , 2006 Prasad and Montell, 2007) . Since slbo is a downstream target of STAT and a marker for the presumptive border cell population (Montell et al., 1992; Silver and Montell, 2001; Monahan and Starz-Gaiano, 2013) , we initially examined Slbo expression at late stage 8. Quantification of Slbo-positive cells revealed that loss of Cul2, via RNAi in the anterior follicle cells, significantly expanded the border cell precursor population (Fig. 3A) . This increase is comparable to that observed when Socs36E is depleted (Fig. 3A and Monahan and Starz-Gaiano, 2013) .
Next, to examine STAT expression, we analyzed stage 8 egg chambers that were stained with an antibody directed against this protein (Jang et al., 2009 ). Since activated STAT translocates to the nucleus, we used localization as a proxy for STAT activation. We monitored nuclear STAT (nSTAT) protein levels in the presumptive border cell population (Slbo +, STAT + anterior follicle cells) when Cul2 was reduced relative to mGFP controls (GFP +, STAT + anterior follicle cells). To quantify, we measured average pixel intensity of STAT antibody staining and DAPI signal (to normalize intensity) over the nuclear area to obtain a relative level of nSTAT in mutants versus wild type (see Experimental Procedures). We found that loss of Cul2 significantly increased nSTAT protein levels, relative to the control, in the anterior follicle cells (Fig. 3B , compare Fig. 3D with Fig. 3C ). During border cell migration, STAT is restricted to the cluster; however, when Cul2 was reduced, we observed high levels of nSTAT in the non-cluster associated invasive cells (Fig. 3E-F) . Collectively, the expanded Slbo expression and increased and ectopic nSTAT-protein levels are consistent with insufficient attenuation of STAT signaling, which is a likely cause of the Table 1 Phenotypic analysis of egg chambers with reduced Cullin-family member expression in the anterior follicle cells. Stage 10 egg chambers were analyzed in females of denoted genotypes. Chart quantifies any disruptions in border cell migration, including migratory defects (when the border cell cluster did not reach the oocyte) and the presence of more than one non-cluster associated, additional invasive cells. Two-tailed Fisher's exact tests were utilized to test significance between the experimental genotype and indicated control, where *p b 0.05, **p b 0.01, ***p b 0.005, ****p b 0.0001, n.s. = not significant, and N/A = not applicable. excessive cell invasion observed in these mutants. These data suggest that Cul2 is required in the anterior follicle cells to limit STAT activity during border cell specification.
Reduction of Cullin2 restores normal border cell migration when Stat92E is reduced
The specification and migration of the border cell cluster requires precise levels of STAT activity (Starz-Gaiano et al., 2008; Montell et al., 2012), thus a slight reduction of Stat92E disrupts border cell motility (Fig. 4A) . We leveraged this feature to investigate whether reduction of Cul2 is able to restore proper migration in a Stat92E sensitized background. Border cell migration is significantly perturbed when a UAS-RNAi line that targets Stat92E is expressed in the anterior follicle cells (via c306-Gal4) (Fig. 4A, C) . However, the border cell migratory defect was partially rescued when Cul2 was reduced in Stat92E-sensitized anterior follicle cells (c306-Gal4/+; UAS-Stat92E RNAi/+; UAS-Cul2 RNAi/+, compare Fig. 4A-B and C) . 3 . Cullin2 regulates nuclear STAT-levels. A) Quantification of total number of Slbo-positive cells at stage 8 in the specified genotypes. Data are presented as box-and-whisker plots where the diamond indicates the mean, the median value is shown in the central bar of each box, the top whisker denotes the maximum value to the third quartile (upper box) and the lower whisker shows the minimum value to the first quartile (lower box). Two-tailed t-tests were performed for statistical analysis against the heterozygous control or as bracketed, where *** p b 0.005; **** p b 0.0001; and n.s. indicates not significant. B) Relative nuclear STAT (nSTAT) expression levels in the indicated genotypes. nSTAT pixel intensity was normalized to DAPI staining intensity over the area of each nucleus. The control (c306-Gal4; UAS-mGFP) was set to 1, and the experimental genotype was compared to the control (Experimental/ Control). "n" represents the number of egg chambers observed, while the total number of cells analyzed is provided in parenthesis. A two-tailed t-test was performed for statistical analysis. C-D) Late stage 8 egg chambers stained with an antibody specific for STAT protein (magenta). DAPI (blue) labels nuclei. Insets show STAT expression alone in an enlarged view of the anterior quarter of the egg chamber. Arrows indicate nSTAT, which appears more intense when Cul2 is reduced (D), relative to a control (C). GFP (C) or Slbo (D) were utilized as markers of border cell precursors at this stage. E) Control stage 9 egg chamber shows STAT expression (magenta) is restricted to the border cell cluster (BC) during migration. GFP marks border cells (white). Inset shows STAT alone. F) Loss of Cul2 in the anterior follicle cells results in additional cells with high nSTAT (magenta) levels that acquire invasive properties (arrows). Inset shows STAT expression. Scale bars = 50 μm. Cul2RNAi = TRiP Cullin2RNAi Next, we utilized a strong Stat92E allele (Stat92E
397
), which yields a haploinsufficient phenotype in egg chambers (Silver et al., 2005) . Females heterozygous for this allele (Stat92E 397 /+) displayed a significant delay in border cell migration (Fig. 4D-E) . We, therefore, assessed migration in double transheterozygous Cul2, Stat92E (Cul2 EY /+; Stat92E 397 /+) females. Consistent with our RNAi analysis, we saw a less severe disruption of border cell migration when Stat92E was reduced along with co-reduction of Cul2 (Fig. 4D and compare Fig. 4E -F). These data suggest that Cul2 acts in the anterior follicle cells of the egg chamber to attenuate Stat92E.
Cullin2 genetically interacts with components of a STAT-directed genetic circuit
Since our initial analysis indicated Cul2 and Socs36E genetically interact with each other, we assessed this relationship more closely. First, we examined the effects of a tissue-specific reduction of Cul2 (to eliminate any potential germline effect) in a Socs36E heterozygous genetic background (c306-Gal4/+; Socs36E 178 /+; UAS-Cul2RNAi/+). Consistent with our earlier results, we observed a significant increase in the percentage of stage 10 egg chambers with at least two additional invasive cells trailing behind the border cell cluster, relative to a single copy reduction of Socs36E or expression of either Cul2 RNAi transgene alone (Fig. 5A-C) .
Next, we examined whether Cul2 fit into an established STATdirected genetic circuit. Socs36E is a downstream transcriptional target of both STAT and Apontic (Apt) in the egg chamber (Monahan and Starz-Gaiano, 2013 ). Given our finding that Socs36E and Cul2 interact in this tissue, Cul2 should also genetically interact with apt. To test this we generated transheterozygous flies, in which a single functional copy of Cul2 and apt were each removed (Cullin2
EY09124
, apt 167 /+,+). In these transheterozygous females, approximately 45% of stage 10 egg chambers contained at least two non-cluster associated additional invasive cells (Fig. 5D ). The penetrance of this phenotype was more than additive relative to single copy reduction of either gene alone /+ (D) unless otherwise indicated by black bar. E-G) Stage 10 egg chambers stained with antibodies directed towards Slbo (magenta) and Eya (white). DAPI (blue) labels nuclei. E) The border cells often fail to complete migration when a single copy of Stat92E is removed. When females are heterozygous for both Stat92E and Cul2 (F), the border cell cluster migrates to the oocyte normally. For all images, the white line illustrates the anterior end of the oocyte, Stat92ERNAi = TRiP Stat92E RNAi ( Fig. 5D ). Loss of a functional copy of apt along with specific reduction of Cul2 in the anterior follicle cells (c306-Gal4/+; apt 167 /+; UAS-Cul2 RNAi/ +) recapitulated this phenotype (Fig. 5E-G) , eliminating the possibility of germline contribution to the defect. Interestingly, these egg chambers also displayed a border cell migration delay in up to 25% of stage 10 egg chambers (Fig. 5G, and compare Fig. 5E-F) . This phenotype is consistent with apt loss of function egg chambers, as well as Socs36E, apt double mutants (Starz-Gaiano et al., 2008; Monahan and Starz-Gaiano, 2013) . Identifying Cul2 as part of the STAT regulatory circuit provides mechanistic insight about how an optimal number of border cells are specified (Starz-Gaiano et al., 2008; Yoon et al., 2011; Monahan and Starz-Gaiano, 2013) . . C) Reduction of Cul2 and Socs36E in anterior follicle cells results in significantly more egg chambers with additional migratory cells than in controls. D) Reduction of Cul2 and apt together leads to significantly more egg chambers with additional invasive cells than loss of either alone. E-F) Egg chambers of indicated genotypes stained for Slbo (magenta), Eya (white), and DAPI (blue). White line illustrates anterior end of the oocyte (O). E) Motility is restricted to the border cell cluster (BC) in the apt heterozygous control, which migrates to the oocyte normally. F) When Cul2 is reduced in the anterior follicle cells of an apt heterozygous female, the border cell cluster fails to complete migration by stage 10, and additional invasive cells are observed trailing the cluster (arrows). G) Quantification of egg chambers of indicated genotypes that show at least two non-cluster associated additional invasive cells (blue) or a migratory defect (orange). Scale bars = 50 μm. For statistical analysis in C, D, and G two-tailed Fisher's exact tests were performed where *p b 0.05; **p b 0.01; ***p b 0.005; ****p b 0.0001.
SOCS box is partially dispensable for Socs36E function in ovary
The conserved SOCS box domain enables SOCS members to interact physically with Cullin and Elongin proteins and assemble an E3 ligase complex (Kile et al., 2002; Bullock et al., 2006; Piessevaux et al., 2008; Stec and Zeidler, 2011; Linossi and Nicholson, 2012) . We, therefore, decided to explore if the competence to associate with the E3 ubiquitin ligase complex is required for Socs36E function in vivo. To test this in the ovary, we ectopically expressed a truncated Socs36E construct in which the SOCS box was deleted (UAS-Socs36EΔSB) (Fig. 6A , Callus and Fig. 6 . The SOCS box is partially dispensable for Socs36E function in the egg chamber. A) Schematic of the UAS-controlled transgenes from Callus and Mathey-Prevot (2002) : the full-length Socs36E construct contains both the SH2 and SOCS box domains, while the Socs36EΔSB construct has no SOCS box. The N-terminal region is indicated by the blue line. B) Quantification of the total number of invasive cells in the indicated genotypes. Data are presented as box-and-whisker plots. Two-tailed t-tests were utilized to assess significant difference compared to the no Gal4 driver, heterozygous control: Socs36E
178
, UAS-Socs36EΔSB/+ (which is phenotypically wild-type). n.s. indicates not significant and ****p b 0.0001. While Socs36E deficient egg chambers have significantly more invasive cells, expression of full length Socs36E or Socs36EΔSB in anterior follicle cells in the mutant background restored the number of invasive cells to the number found in controls. C-E) Egg chambers of indicated genotypes stained for Slbo (magenta) and Eya (white). DAPI (blue) labels nuclei. Insets display Eya expression. BC marks the border cell cluster. C) The no driver control (Socs36E
, UAS-Socs36EΔSB/Deficiency) egg chamber contains a trail of non-cluster associated additional invasive cells (arrows) at stage 10, consistent with loss of Socs36E. D) Expression of the SOCS box-deficient construct in the anterior follicle cells (c306-Gal4/+; Socs36E
, UAS-Socs36EΔSB/Deficiency) in the mutant background resulted in wild-type border cell specification and migration in most egg chambers, as in the one shown here at late stage 9. E) In another egg chamber of the same genotype, re-introduction of the UAS-Socs36EΔSB transgene in a Socs36E mutant restored the number of invasive cells to wild-type (eight), but was not sufficient for all motile cells to adhere together (arrows) as in (D). Insets show Eya expression alone. Mathey-Prevot, 2002) . We attempted to rescue the mutant phenotype of Socs36E deficient egg chambers with the UAS-Socs36EΔSB transgene. A previous study found that ectopic expression of this construct disrupted border cell migration to a lesser extent than aboveendogenous levels of full-length Socs36E. These data led the authors to suggest that the SOCS box is required for full function of Socs36E (Silver et al., 2005) . We have shown that the re-introduction of fulllength Socs36E in Socs36E deficient egg chambers (c306-Gal4/+; Socs36E 178 , UAS-Socs36E/Deficiency) re-establishes approximately the proper number of invasive cells (Fig. 6B and Monahan and StarzGaiano, 2013) . Using the same strategy, we expressed the truncated construct in the presumptive border cells of Socs36E deficient egg chambers (c306-Gal4/+; Socs36E
, UAS-Socs36EΔSB/Deficiency). Intriguingly, we discovered the Socs36EΔSB construct was able to restore the total number of invasive cells to approximately wild-type numbers (Fig. 6B and compare Fig. 6C-D) . However, we observed disruption of cluster integrity in some cases (Fig. 6E) , which suggests that some functions of Socs36E are hampered without the SOCS box. These data suggest that the SOCS box is partially dispensable for Socs36E function in the ovary, since it is not needed to promote specification of the right number of invasive cells. This is consistent with previous in vitro analysis that suggested Socs36E has SOCS box-dependent and -independent modes of action (Stec et al., 2013) .
Socs36E N-terminus is predicted to be intrinsically disordered and competent to bind proteins
Socs36E belongs to the ancestral clade of SOCS proteins, with an Nterminus that is several hundred amino acid residues in length that lacks conserved domains or sequence homology (Alexander, 2002; Feng et al., 2012) . However, several studies in vertebrate cell culture and in vitro assays (including structural analysis) suggested that the N-terminus plays a key role in attenuating receptor and non-receptor tyrosine kinase activity (Seki et al., 2002; Bullock et al., 2007; Feng et al., 2012; Linossi et al., 2013b; Stec et al., 2013; Linossi and Nicholson, 2015) . For example, the Jak Inhibitory Region (JIR) in SOCS5 blocks Jak1 activity by directly binding the kinase domain (Linossi et al., 2013b) . The amino terminus of Socs36E, though, contains insignificant sequence homology to SOCS5, and no conserved JIR that we could identify. We, therefore, took a bioinformatics approach to examine the Socs36E amino terminus.
A recent study predicted that the amino termini of SOCS4 and SOCS5 are intrinsically disordered (Feng et al., 2012) . Intrinsically disordered proteins or regions (collectively referred to as IDPs in this study for simplicity) are central to the regulation of several essential signaling pathways Dyson, 1999, 2014; Babu et al., 2011; Uversky and Dunker, 2013) . The amino acid composition of IDPs prevents spontaneous folding into stable, globular three-dimensional structures. This intrinsic lack of structural stability, however, confers a significant advantage, as a single protein is able to make different adaptive interactions and function in multiple signaling pathways with distinct cellular outcomes Dyson, 1999, 2014; Babu et al., 2011; Uversky and Dunker, 2013) . To determine if the N-terminal region of Socs36E could be intrinsically disordered, we used the ANCHOR analysis platform. ANCHOR utilizes a general prediction method (IUPRED) to determine the likelihood that regions of a protein sequence are intrinsically disordered and further calculates the potential binding abilities of each amino acid in the potentially disordered region Mészáros et al., 2009) . This binding prediction is based on three properties: 1) the region is inherently unstructured, 2) it is not energetically favorable for the residue to form an intra-species interaction, and 3) interacting with a separate globular protein is energetically favorable for the residue Mészáros et al., 2009) . The plot in Fig. 7A shows the IUPRED prediction (red) for Socs36E. A value above 0.5 indicates a highly probable intrinsically disordered region. Thus, ANCHOR analysis predicts the N-terminus of Socs36E is intrinsically disordered (Fig. 7A) . After approximately residue 450, the probability remains below 0.5, which indicates ordered protein structure/domains. This region of Socs36E contains the SH2 and SOCS box domains, in support of the program's accuracy.
IDPs have recently been found to play critical roles in protein-protein interactions, as their unstructured regions adopt an ordered conformation upon binding their partners Dyson, 1999, 2014; Babu et al., 2011; Uversky and Dunker, 2013; Linossi and Nicholson, 2015) . As illustrated in Fig. 7A , ANCHOR analysis suggests that it is highly probable that a large portion of the Socs36E unstructured amino terminus is able to form favorable interactions with an exogenous species (plotted in blue on the graph and shown by the blue bars below: the darker the blue the greater the chance of residue binding ability). It has been proposed that SOCS N-termini are important in other contexts: for examples, SOCS5 in T-cell differentiation (Seki et al., 2002) , Socs36E in in vitro analysis in Drosophila cells (Stec et al., 2013) , and for the newly discovered JIR in SOCS4 and SOCS5 (Linossi et al., 2013b) . Thus, the intrinsically disordered N-terminus of Socs36E may be essential for Jak/STAT signaling attenuation during border cell specification.
Discussion
Several conserved genetic pathways play essential roles in the specification and migration of the border cells, including the Jak/STAT pathway (recently reviewed in Montell et al., 2012) . Here, we utilized border cell motility to examine how Socs36E attenuates the Jak/STAT pathway in the ovary. Our results suggest that Socs36E may limit cell invasion by genetically interacting with Cul2 and by a Cullin-independent mechanism in vivo (Fig. 7B) .
Socs36E limits STAT expression and cell invasiveness through a Cullin2-dependent mechanism
The involvement of SOCS proteins in RING Finger E3 ubiquitin ligases has been well-established, and is thought to be mediated by Cullin interaction (Kile et al., 2002; Piessevaux et al., 2008; Babon et al., 2009; Stec and Zeidler, 2011; Nicholson, 2012, 2015; Okumura et al., 2012) . A previous report proposed that SOCS box proteins contain a Cullin5-box, while the highly related VHL proteins have a Cullin2-box (Kamura et al., 2004) . However, the only SOCS family members assayed were SOCS1 and SOCS3, both of which have been shown to bind Cul5 . Several reports have shown that proteins with a SOCS box (including SOCS1) are able to interact with and bind Cul2 (Kamizono et al., 2001; Boggio et al., 2007; Pozzebon et al., 2013) . Analysis of the predicted Cul5-box of SOCS1, SOCS3, SOCS5, and Socs36E revealed low sequence similarity across the four proteins (Supplemental Fig. 2) . Furthermore, the proposed key sequence of the Cul5-box (LPLP) (Kamura et al., 2004 ) is only found in SOCS5.
We found that Socs36E attenuates the Jak/STAT pathway in a Cul2-dependent manner. Reducing Cul2 function in the anterior follicle cells of stage 8 egg chambers significantly expanded the border cell precursor population (Slbo + anterior follicle cells) and heightened nuclear STAT (nSTAT) protein levels. These data show Cul2 acts to attenuate STAT in the egg chamber. There did not appear to be a similar requirement for other Cullin family members that we tested, although in the absence of amorphic alleles, it remains a possibility. The expanded Slbo-positive population observed in egg chambers deficient for Cul2 is likely due to higher than normal STAT activity in follicle cells far from the polar cells, which can explain the additional invasive cell phenotype (similar to when STAT signaling is increased in apt or Socs36E mutants Starz-Gaiano et al., 2008; Monahan and Starz-Gaiano, 2013) . In support of this, we determined lowering Cul2 rescues the delay in border cell migration that occurs when Stat92E is reduced. Collectively, these data strongly suggest that Cul2 limits STAT activity in the anterior follicle cells of the egg chamber.
By finding that Cul2 genetically interacts with apt (a central component of STAT regulation in egg chambers), we can incorporate Cul2 into the previously described Jak/STAT regulatory circuit (Starz-Gaiano et al., 2008; Yoon et al., 2011; Monahan and Starz-Gaiano, 2013) . We postulate that Socs36E aids in the generation of a discrete boundary between migratory and non-migratory fates in the anterior follicle cells, by functioning as the substrate recognition component of a Cul2-E3 ubiquitin ligase complex. Given published biochemical data on SOCS family members (Kamizono et al., 2001; Boggio et al., 2007; Pozzebon et al., 2013) and our genetic and alignment results, we suggest that SOCS proteins may have the potential to bind both Cul2 and Cul5; however the binding preference may be tissue-or context-dependent. Analyses of these interactions are well-suited for future in vivo study.
Previous work established Socs36E as a regulator of the Epidermal Growth Factor Receptor (EGFR) pathway in some Drosophila tissues (Callus and Mathey-Prevot, 2002; Herranz et al., 2012) . After border cell specification, EGFR works redundantly with the PDGF-and VEGFreceptor related (PVR) pathway to promote protrusive activity and to guide the migration of the cluster to the oocyte (McDonald et al., 2003 (McDonald et al., , 2006 Bianco et al., 2007; Prasad and Montell, 2007; Montell et al., 2012) . EGFR is also required to direct the border cell cluster dorsally to the oocyte nuclei at stage 10B ). We did not observe any defects in the directed migration of the border cell cluster when Cul2 was reduced, similar to our previous results with Socs36E (Monahan and Starz-Gaiano, 2013 ); thus we do not suspect these genes are necessary for EGFR regulation in follicle cells. It is possible that the redundancy between EGFR and PVR in border cell chemotaxis masks Socs36E and Cul2 regulation of EGFR, therefore we cannot completely it rule out. However, the phenotypic results strongly suggest that the Jak/STAT pathway is the primary target of both Socs36E and Cul2 in the anterior follicle cells of the egg chamber.
Previous work suggests that the Dome receptor is targeted for endocytosis after ligand binding, and that this event is required for proper migration of the border cells (Devergne et al., 2007; Vidal et al., 2010) . While the mechanism has not been resolved in the egg chamber, a recent study using Drosophila Kc167 cells showed that Dome is degraded in the lysosome, in a ligand-dependent manner, and that loss of Socs36E delays receptor clearance (Stec et al., 2013) . Knockout of Cul5 and Socs36E resulted in higher activation of Jak/STAT, relative to loss of Cul5 alone, although Cul2 was not assayed. These data may suggest a SOCS box-independent mechanism (see below), but an additional interpretation could be that Socs36E also mediates receptor clearance in a Fig. 7 . The N-terminus of Socs36E is intrinsically disordered and may facilitate a Cullin-independent mechanism. A) ANCHOR results show a high probability of disordered regions in the Socs36E N-terminal protein sequence. Values above 0.5 predict intrinsically disordered regions (red). Predictions show that the N-terminus of Socs36E is intrinsically disordered and the C-terminus is ordered, consistent with the presence of the SH2 and SOCS box domains in that region. The blue line and blue bars below the graph indicate the predicted binding potential of intrinsically disordered regions, where the darker blue bars indicate a higher probability of partner binding. The green and orange shapes indicate the locations of the SH2 and SOCS box domains, respectively. Amino acid residue numbers are denoted along the X-axis. B) Model: Socs36E attenuates the Jak/STAT pathway in the Drosophila ovary via several mechanisms. Genetic data suggests that Socs36E interacts with Cullin2 to produce an E3-ubiquitin ligase complex (right). Socs36E may also be able to attenuate STAT signaling in a SOCS box (and therefore Cullin) independent manner. This may be facilitated by the SH2 domain and/or the N-terminus of Socs36E. Through these regions, Socs36E may compete with STAT (or other co-activators) for receptor binding (left) or prevent JAK activation (center). Any of the three proposed mechanisms would prevent STAT nuclear translocation.
Cul2-dependent manner. Stec and colleagues also found that Socs36E can bind Dome, but only weakly interacts with Jak in a Domedependent manner (Stec et al., 2013) . These data combined with our current work support a model in which Socs36E facilitates the degradation of an activated Dome-Jak complex in the anterior follicle cells of the egg chamber (Fig. 7B ). This attenuates STAT signaling, which is essential to limit the acquisition of migratory fates.
Socs36E optimizes cell invasion via cullin-dependent and -independent mechanisms
We considered other possible mechanisms of action for Socs36E in the egg chamber. Several in vitro assays, including binding assays and crystallography, found the SOCS box directly interacts with Elongins B/C and Cullin (Kamura et al., 1998 (Kamura et al., , 2004 Kamizono et al., 2001; Bullock et al., 2006 Bullock et al., , 2007 Babon et al., 2009; Boyle et al., 2009; Linossi and Nicholson, 2012) . Many of these reports suggest that the SOCS box is essential for attenuation of cytokine signaling and SOCS protein stability. In contrast, several studies have found loss of the SOCS box impedes SOCS protein function, but does not eliminate it (Nicholson et al., 1999; Yasukawa et al., 1999; Callus and Mathey-Prevot, 2002; Silver et al., 2005; Linossi et al., 2013b; Stec et al., 2013) . These studies suggest that the SOCS box is necessary for complete SOCS-driven attenuation of cytokine signaling, but to a varying degree and possibly in a tissuespecific manner. Because expression of UAS-Socs36EΔSB in a Socs36E deficient egg chamber restored approximately wild-type migration to Socs36E mutants, we conclude that the SOCS box domain is largely dispensable for motile cell specification. However, it was not dispensable for normal cluster cohesion, as some invasive cells trailed behind the main cluster.
Since SOCS proteins require the SOCS box to facilitate their incorporation into an E3 ligase complex (Kile et al., 2002; Piessevaux et al., 2008; Babon et al., 2009; Linossi and Nicholson, 2012; Okumura et al., 2012) , we propose that Socs36E can partially attenuate STAT activity independently of Cullin-E3 ligase activity in vivo. Consistent with vertebrate ancestral SOCS proteins, our sequence analysis revealed the Socs36E N-terminus is intrinsically disordered (Feng et al., 2012; Linossi and Nicholson, 2015) . Intrinsically disordered proteins (IDPs) have a capacity to generate protein-protein interactions Dyson, 1999, 2014; Babu et al., 2011; Uversky and Dunker, 2013) . Upon binding another protein, IDPs undergo an energetically favorable disordered to ordered transition. The intrinsic flexibility and ability to adopt several conformations and binding partners enables a single IDP to function in several signaling pathways and cellular processes Dyson, 1999, 2014; Babu et al., 2011; Uversky and Dunker, 2013) .
The long N-termini of SOCS5 and Socs36E have been proposed to play an essential role in the SOCS-receptor interaction and, in some cases, are critical for SOCS function. For example, the N-terminus of SOCS5 regulates T-cell differentiation by disrupting Jak1 association with IL4Rα (Seki et al., 2002) , and a recent study proposed this region directly prevents Jak1/2 activity (Linossi et al., 2013b) . Others have suggested that the N-termini of ancestral SOCS proteins play a critical role in SOCS-substrate interaction, including cell culture analysis of Socs36E (Linossi et al., 2013b; Stec et al., 2013 ). While we did not locate a JIR consensus sequence in Socs36E, in vitro studies together with our data suggest that the N-terminal region of Socs36E may be important for substrate binding. We hypothesize that the N-terminus of Socs36E is intrinsically disordered and may play a role in limiting cytokineactivated signaling. It will be interesting to determine if and how the N-terminus functionally inhibits Jak/STAT signaling independently from a Cullin-E3-ligase complex. Many questions remain about IDPs, their interactions, structure, and other biochemical characteristics. New approaches will be required to fully study IDPs in a cellular context (Wright and Dyson, 2014) . We suggest that the minimized pathway components, potent genetic tools, and high levels of genetic conservation make Drosophila an ideal system to study IDPs in an in vivo context. Thus, future work on Socs36E function in the ovary could provide further insight, not only into SOCS protein biology but also IDPs, in general.
The SH2 domain of SOCS proteins is required for substrate binding (Yasukawa et al., 1999; Kamizono et al., 2001; Linossi and Nicholson, 2015) , including the binding and turnover of Dome in Kc167 cells (Stec et al., 2013) . The SH2 domain could also play an active role in cytokine attenuation. For instance, Socs36E may compete with STAT for the same or a proximal phosphotyrosine on the receptor, thereby preventing STAT phosphorylation, as has been proposed for CIS and SOCS2 (Croker et al., 2008; Linossi and Nicholson, 2015) . These are not mutually exclusive ideas. We, therefore, favor a model in which Socs36E interacts with Cullin2 in an E3 ubiquitin ligase complex, but can prevent Jak activity and/or block Dome/Jak access to STAT via its SH2 domain and/or N-terminus (Fig. 7B) .
The closest mammalian homolog of Socs36E, SOCS5, is a proposed tumor suppressor (Kario et al., 2005; Nicholson et al., 2005; Herranz et al., 2012; Zhuang et al., 2012) . Reduction of SOCS5 can result in loss of epithelial organization, increased tumor metastasis, and aggressive carcinomas. Thus, understanding its mechanism of action will enhance understanding of cancer progression, but analysis in mammals has proven challenging (Alexander, 2002; Alexander and Hilton, 2004; Croker et al., 2008) . Here, we show that use of a genetic model organism enables in vivo assessment of SOCS proteins, which sheds light on how these proteins function.
Experimental procedures
Fly husbandry and genetics
Flies were maintained on standard corn meal and molasses media. All crosses were performed at 25°C. The following fly stocks were utilized for analysis: Canton S (for wild-type); c306-Gal4 (Manseau et al., 1997) ; Slbo-Gal4 (Rørth et al., 1998) (Spradling et al., 1999; Bellen et al., 2004; Reynolds et al., 2008; Kugler et al., 2010; Ayyub, 2011) ; Cul2 EY09124 /CyO; Cul2 PZ02074 /CyO (Spradling et al., 1999; Bellen et al., 2004; Ayyub, 2011) ; UAS-Cul3.
The following UAS-RNAi lines from the TRiP collection were utilized: Stat92E RNAi (TRiP.GL00437), dsRNA-mCherry (VALIUM20), lin-19 RNAi (TRiP.GL00561), Cul2 RNAi (TRiP.HMS01398), Cul2 RNAi (TRiP.HM05237), Cul3 RNAi (TRiP.HM05109), Cul4 RNAi (TRiP.HMC02981), and Cul5 RNAi (TRiP.HMC03109) (Ni et al., 2008 (Ni et al., , 2009 , UAS-Socs36E/CyO (Monahan and Starz-Gaiano, 2013 ).
Ovary dissection and immunohistochemistry
Female flies were prepared for dissection and ovaries were dissected as previously described (Monahan and Starz-Gaiano, 2013) . Females for our c306-Gal4/+; Socs36E 178 , UAS-Socs36EΔSB/Deficiency experiment (including controls and the repeated full length Socs36E rescue) were fattened at room temperature (22°C) under high yeast conditions for approximately 20 h (Monahan and Starz-Gaiano, 2013) . Females for all other experiments were fattened at 25°C under high yeast condition for 16-18 h. The following antibodies were utilized for analysis: mouse and rabbit anti-GFP (1:1000; Life Technologies); rat anti-Slbo (from Dr. Pernille Rorth: 1:500 Beccari et al., 2002) ; rabbit anti-STAT (from Dr. Denise Montell: 1:100 Jang et al., 2009 ) and chicken anti-β-Galactosidase (Aves lab: 1:5000). The following antibodies were obtained from the Developmental Studies Hybridoma Bank, developed under the auspices of the NICHD, and maintained by the University of Iowa, Department of Biology, Iowa City, IA 52242: mouse anti-Eyes Absent (1:1000; Eya: Bonini et al., 1993) and rat anti-DE-Cadherin (1:20; DCad2: Uemura, T. Oda et al., 1994) . Primary antibodies were diluted in PBX (PBS with 0.1% Triton-X) and incubated overnight at 4°C.
Molecular Probes AlexaFluor secondary antibodies (488 nm and 568 nm, Life Technologies) were diluted 1:200 in PBX and incubated at room temperature for 2 h. DAPI (1:1000, Life Technologies: D1306) was applied for 10 min at room temperature. Images were acquired on a Zeiss AxioImager microscope equipped with AxioVision software and the ApoTome structural interference system for optical section. Adobe Photoshop CS6 and FIJI/ImageJ (Schindelin et al., 2012) were used to process and format images.
Border cell migration analysis and invasive cell quantification
To analyze border cell migration, we assessed the proximity of the border cell cluster to the oocyte in stage 10 egg chambers. An egg chamber was considered stage 10 when the oocyte took up approximately 50% of the egg chamber volume and the centripetal cells were even with the oocyte anterior border and had begun their migration (Horne-Badovinac and Bilder, 2005) . If the border cell cluster failed to reach the oocyte by stage 10, its migration was considered delayed.
To determine the number of Slbo+ cells at stage 8 or invasive cells in the egg chamber during stages 9 and 10, we used AxioVision software to generate Z-stacks of optical sections spanning the egg chambers in 1.0 μm step sizes. To be considered invasive for the phenotypic analysis, the cell had to be discontinuous with the epithelial layer and predominantly contacting the nurse cells. To be considered phenotypically abnormal in our loss of function analysis, we utilized the same stringent criterion we previously used: we required more than one non-cluster associated additional invasive cell to be present in a stage 10 egg chamber (Monahan and Starz-Gaiano, 2013) . Cul2 and Cul5 mutant egg chambers showing significant germline or follicle packaging defects (previously described in Kugler et al., 2010; Ayyub, 2011) were not considered in our analysis, as aberrant egg chamber development could indirectly affect border cell migration.
Quantification of pixel intensity for nuclear STAT protein levels
To acquire pixel intensity of fluorescence, the freeform selector and measure tool from ImageJ was utilized (Schindelin et al., 2012) . DAPI was used as an internal control for fluorescence and to ensure only nuclear STAT (nSTAT) was measured. nSTAT/DAPI ratios were generated to acquire a relative expression level of nSTAT protein for each genotype assayed (Starz-Gaiano et al., 2008) . To obtain normalized expression between the control and experimental genotypes, the control was set to 1 and an Experimental/Control ratio was calculated.
For these experiments all (control and experimental) dissections, antibody stainings, and immunofluorescent imaging were performed side by side. Images were all acquired on the same day and at the same exposure time. STAT expression in Slbo-positive or GFP-positive cells was utilized to determine the presumptive border cell population, and were the only cells measured. Only late stage 8 egg chambers were utilized, as determined by the presence of at least 7-STAT-positive and/ or Slbo-positive anterior follicle cells (not including polar cells). Not all presumptive border cells could be measured for each egg chamber, as a result of focal plane, tissue thickness, and fluorescent limitations. The images shown are single sections from a Z-stack, therefore, it is possible that not every presumptive border cells can be observed.
Inverse PCR to map and confirm P-element alleles
Inverse PCR was utilized to map the insertion site of the P-element line Cul2 PZ02074 /CyO (Fig. 2F ) and confirm the P-element lines:
Cul2 EY09124 /CyO, Cul5 EY00051 /TM3, and Cul5 EY21463 /TM3. Genomic DNA was isolated from flies. DNA was subsequently digested with MSP1 (Fermentas) at 37°C for four hours. An overnight ligation reaction (T4 DNA Ligase -Thermo Scientific) was performed at 4°C on the digested DNA to promote self-ligation of the fragments. Ligation products were amplified with Pry1 (5′ CCT TAG CAT GTC CGT GGG GTT TGA AT 3′) and Pry4 (5′ CAA TCA TAT CGC TGT CTC ACT CA 3′) primers at an annealing temperature of 55°C. Purified PCR products were sequenced with the PEP1 (5′TAC GAC ACT CAG AAT ACT ATT C 3′) primer by Genewiz. Sequences were analyzed using Blastn (http://blast.ncbi.nlm.nih.gov/ Blast.cgi) and Flybase (www.flybase.org).
Socs36E bioinformatic analysis
Sequence alignments were performed using the Clustal Omega Multiple Sequence Alignment Tool (http://www.ebi.ac.uk/Tools/msa/ clustalo/) (Goujon et al., 2010; Sievers et al., 2011) . Bioinformatic analysis of the Socs36E protein sequence was carried out via ANCHOR (http://anchor.enzim.hu/) Mészáros et al., 2009 ).
Statistical analysis
All statistical analysis for cell count data was performed via a twotailed t-test. To display cell count data, non-parametric box and whisker plots were utilized. In the box plots, the upper whisker indicates the upper quartile through the maximal value, while the lower whisker is the lower quartile to the minimum value observed. For the boxes, second (lower) and third (upper) quartile bars are separated by the median value. The diamond in each bar indicates the mean.
For statistical analysis of phenotypic penetrances, two-tailed Fisher's exact tests were utilized using http://www.graphpad.com/quickcalcs/ contingency1.cfm. For both the two-tailed t-test and Fisher's exact tests, we maintained a significance requirement of at least p b 0.05.
